ABSTRACT In this paper, a reconfigurable wideband filtering balun with tunable dual-notched bands is proposed, using coplanar waveguide (CPW)-to-slot transitions and varactor-loaded shorted-slots. The wideband filtering balun consists of a triple-mode slot resonator, two CPW-to-slot transitions, and a CPW short-stub. Three transmission poles are allocated by the triple-mode slot resonator to achieve the wideband operation. To further improve the amplitude-and phase-imbalance responses, two CPW-to-slot transitions are used. Besides, the CPW short-stub is introduced to enhance the passband selectivity. Then, based on the proposed wideband filtering balun, a reconfigurable balun with tunable dual-notched bands is achieved by introducing two pairs of varactor-loaded shorted-slots. The measured results show that the frequency tuning ranges of the dual-notched bands are 1.28-1.58 GHz (21.6%) and 1.89-2.41 GHz (24.2%) with 15-dB rejection, respectively. The proposed filtering balun shows the advantages of wide fractional bandwidth, high selectivity, low insertion loss, and tunable notched band operation.
I. INTRODUCTION
The ever increasing demand for compact modern microwave wireless communication systems leads to the requirement of highly integrated multi-function microwave circuits, especially the passive components. Therefore, a significant number of researches have been conducted to realize the integration of baluns and filters. Then, many filtering baluns have been reported [1] - [12] . By using some special technologies, such as low temperature co-fired ceramic (LTCC) technology [1] , multilayer organic Liquid Crystal Polymer (LCP) substrate [2] , and patterned Permalloy thin film [3] , filtering baluns with minimized size have been proposed. However, the structures and design procedures are very complicated because of the complex processing technologies. Based on the Printed Circuit Board (PCB) processing, a compact microstrip filtering balun using the hybrid resonator [4] exhibits a easy design procedure with good in-band performance but poor stopband response. To improve the stopband response, several filtering baluns have been developed based The associate editor coordinating the review of this manuscript and approving it for publication was Jaime Laviada. on the conversion from balanced filters [5] - [8] . Nevertheless, the narrow bandwidth performance limits their applications in the practical wideband systems. To further extend the bandwidth of filtering baluns, the high-order planar structure [9] , multimode stepped-impedance resonator [10] , asymmetric coupled-section [11] , and broadside-coupled microstrip/slotline resonator structure [12] are proposed. Nevertheless, the in-band performances still need to be improved.
Recently, microstrip-to-slot transitions have been reported to implement the wideband passive circuits, such as filter [13] , power divider [14] , and filtering baluns [15] - [17] . A compact out-of-phase uniplanar microstrip power divider (balun) operating over an ultra-wide frequency band is presented [15] , which can offer good in-band performance. Then, to further improve the selectivity of filtering baluns, balun based on the triple-mode slotline with microstrip-to-slot transitions is implemented in [16] . However, the microstrip impedances and guided-wavelength characteristics are very sensitive to the substrate thickness. Then, coplanar waveguide (CPW) is introduced to form the transitions [17] , which allows a wide range of impedance values on relatively thick substrates. Besides, the circuit model of the CPW cross-junction is simple, intuitive, and general. This transition has been used to construct a wideband CPW balun that is uniplanar and does not require any vias [17] . Nevertheless, the existing wireless network signals may interfere the wideband signal propagation for the modern application. To suppress the existed signal interferences in the operation band, notch filters based on the terminated cross-shaped resonators [18] and varactor-loaded microstrip stubs [19] are introduced. However, there is still not a research on wideband filtering balun with notches for interference suppression. Therefore, the design of a wideband filtering balun with good selectivity, excellent in-band balance, and fixed/tunable notched band operation is still a great challenge.
The preliminary work of this paper is published in our conference paper [20] as a wideband filtering balun. Compared to the previous work, a deep analysis on balun prototype using the proposed CPW-to-slot transition with air-bridges and baluns with merits of wideband, low insertion loss, high selectivity, and fixed/tunable notched band operation are proposed in this paper. Firstly, the CPW-to-slot transition is introduced with the related analysis of CPW cross-junction equivalent circuit model to implement the balun prototypes. Meanwhile, to suppress the parasitic odd mode and ensure single TEM mode operation, air-bridges between the ground planes are applied. Secondly, based on the balun prototype using the proposed transitions, a wideband filtering balun operated from 1.03 GHz to 3.17 GHz is implemented. Finally, shorted-slots without and with loaded varactors are used to achieve fixed and tunable notched bands, respectively.
The tuning range of the tunable dual-notched bands are 1.28-1.58 GHz (21.6%) and 1.89-2.41 GHz (24.2%) with a 15-dB rejection, respectively. The paper is organized as follows. Section II-A shows the schematic and operation of the balun prototypes using the proposed CPW-to-slot transition. Then, filtering balun with fixed frequency notch and reconfigurable balun with tunable dual-notched bands based on the proposed balun prototype are depicted in Section II-B and C, respectively. The measurement results of these baluns are presented in Section III. Finally, a conclusion is given in Section IV.
II. SCHEMATIC AND OPERATION
A. BALUN PROTOTYPE Fig. 1(a) shows the layout and simplified equivalent transmission-line model of the CPW-to-slot transition. The proposed transmission-line model is based on the previously published model in [14] , which provides insights to the circuit operation. The proposed transition has four port terminations. Port 1 and Port 2 are the CPW, while Port 3 and Port 4 are the slot. Besides, the air-bridges with an equivalent reactance Z A are placed above the CPW-to-slot transition to suppress the parasitic odd mode. Then, combined the CPW-to-slot transition with a slot uniform impedance resonator (UIR), a balun prototype is achieved, as shown in Fig. 1(b) . Frequency responses with uniform magnitude and 180 • phase difference are introduced by the slot UIR with CPW-to-slot transitions. The slot is introduced as a multi-mode resonator and the feed lines are CPWs at the two sides. As discussed in [21] , the CPW-to-slot coupling strength achieves its maximal FIGURE 2. Simplified circuit model of the balun prototype in Fig. 1(b) .
value, assuming that the length of the open-circuited stub (i.e., l 1o ) is equal to one quarter guided-wavelength. In addition, the emergence of two transmission poles is due to two resonant modes in the slot resonator. At the junction of the CPW-to-slot transition, the 1:1 transformer is detached (i.e., T 1 = T 2 = 1). Then, the simplified equivalent circuit model of the balun prototype illustrated in Fig. 1(b) is shown in Fig. 2 . As for a lossless balun network, the theoretical S-parameters could be obtained as
It is obvious that the return loss (i.e., S 11 ) and insertion loss (i.e., S 2,31 ) are only determined by the input impedance looking from Port 1 (i.e., Z in ), which is calculated as
where the impedances (i.e., Z s and Z c ) and electrical lengths (i.e., θ s and θ c ) could be obtained from the physical width (i.e., s s and s c ) and length (i.e., l s and l c ) of the slot UIR [22] , respectively. The detailed calculated procedure is shown in Appendix-A. Air-bridge is utilized to suppress the unwanted modes, such as the slot mode. As discussed in [23] , the enhanced air-bridge structure behaves like a series resonator, and it can approximately be modeled as a series RLC resonator. The layout and simplified model are shown in Fig. 3 (a) and (b), respectively. In order to get the approximate parameters for the simplified series resonator model, the equations given in [24] are used to calculate, as discussed in Appendix-B. The extracted element values of the simplified model are R s = 0.6 , L s = 0.25 nH, and C s = 0.48 pF under the case of w a = 7 mm, h a = 3 mm, and d a = 0.4 mm, respectively. Fig. 3(c) shows the comparison between EM-simulation of the air-bridge and simplified RLC models, which shows a good agreement between each other. Then, the theoretical S-parameters of the lossless three-port balun network can be calculated. To verify the mechanisms, the balun prototype shown in Fig. 1(b) is implemented on a RT5880 substrate with thickness h of 0.508 mm and dielectric constant r of 2.2. Fig. 4 shows the comparison between the circuit model and simulation results, which shows a good agreement. Note that, the end-effect in shorted-slot is considered in the calculation of circuit model [25] .
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. EM-simulation frequency responses of the balun prototype with and without the shorted-slot. (l c = 100 mm, l c1 = 30 mm, l c2 = 70 mm, l s = 10 mm, l 1o = 9 mm, l r = 30 mm, s c = s s = 1.5 mm, and s r = 0.5 mm).
For the suppression of interferences in the operation band, the shorted-slot is introduced taped at the slot UIR, as shown in Fig. 1(c) . The corresponding simplified circuit model of the notched balun prototype illustrated in Fig. 1(c) is shown in Fig. 5 . When input impedance (i.e., Z inr ) of the shorted-slot is infinite, the signal power would not be able to be transmitted to the next stage, which leads to a transmission zero f n (i.e., notch) in the passband, as shown in Fig. 6 . Meanwhile, Z inr could be obtained as
where Z r is the characteristic impedance of the shorted-slot. Therefore, the electrical length (i.e., θ r ) of the shorted-slot at the notch frequencies is satisfied with
As shown in Fig. 6 , the proposed shorted-slot can not only introduce a transmission zero (i.e., f n ) but also a resonance (i.e., f rs ), simultaneously. The resonant frequency (i.e., f rs ) of the shorted-slot is depended on the electrical length θ rs (i.e., θ r + θ c1 + θ s ), just like the resonant frequency (i.e., f l ) of the UIR is determined by θ u (i.e., 2θ s + θ c , where θ c = θ c1 + θ c2 ) [16] . Therefore, this resonant frequency f rs can be controlled and adjusted relying on θ r . Fig. 7 depicts the normalized resonant frequencies of the shorted-slot, i.e., f rs /f l versus t, where t = θ r /θ u . As shown in Fig. 7 , with t increasing, the normalized resonant frequency would decrease. The normalized frequency of the narrow notched band (i.e., f n /f l ) with respect to electrical length ratio (i.e., t) is also simulated as plotted in Fig. 7 . Note that, over the range of t, f rs /f l is still smaller than f n /f l . Therefore, the notched band frequency (i.e., f n ) can be appropriately allocated higher than the resonant frequency (i.e., f rs ).
To further enhance the passband performance of the balun prototype in Fig. (b) , the CPW short-stub, electromagnetic bandgap (EBG) structure, and a pair of shorted-slots are introduced, as shown in Fig. 8 . The wideband operation is mainly achieved by the triple-mode slot resonator, which consists of the slot UIR with EBG and shorted-slots. As shown in Fig. 9 , the triple-mode slot resonator could provide three split resonances (i.e., f l , f h , and f ss ) in the passband. Here, the triple-mode slot resonator is meandered to minimize the size of the proposed balun, which would lead to a slight effect on the split resonances. Meanwhile, a transmission zero f zs upper the passband could also be generated by the pair of the shorted-slot [26] , [27] . The split resonances f l and f ss are determined by the length l n and l ss of the slot UIR and shorted-slot, respectively. Meanwhile, f h is about twice of f l and could be adjusted by tuning the practical dimensions of the EBG structure [20] . The normalized frequencies f h /f l and f ss /f l of the proposed triple-mode slot resonator versus the length l e2 with different width ratios and the length l ss are shown in Fig. 10(a) and (b) , respectively. Note that, both the normalized frequencies could be adjusted within a large range by tuning the physical dimensions, which means a flexible bandwidth control operation for the balun implementation. The coupling is enhanced by the proposed CPW-toslot transitions and an additional transmission pole f t could be introduced close to the central frequency, which lead to a passband with low insertion loss [20] . In addition, a CPW short-stub [28] is introduced to generate another additional transmission pole f p and transmission zero f zl for improved in-band performance and lower passband selectivity of the proposed filtering balun, simultaneously. Then, as shown in Fig. 11 , a wideband filtering balun with five transmission poles and two transmission zeros is achieved. FIGURE 11. Simulated S-parameters of the proposed wideband filtering balun (unit: mm. l e1 = 3, l e2 = 4, l n1 = 12.5, l n2 = 95, l n3 = 13.1, l o = 3, l p1 = 13.2, l p2 = 5.94, l ss1 = 5.5, l ss2 = 4.4, l ss3 = 4, s n = 1.6, s ss = 0.3, w e1 = 1, w e2 = 7, w p = 1.76, w c = 1, w ss1 = 3.7, w ss2 = 3, and w ss3 = 2.3).
B. BALUN WITH FIXED FREQUENCY NOTCH
The balun with fixed frequency notched band (Balun A) is developed based on the balun prototype in Fig. 1(c) , as depicted in Fig. 12 . Fig. 13(a) shows the simulated notch frequency f n and calculated electrical length θ r at notch frequency versus length l r , while Fig. 13(b) shows the simulated notch frequency f n and calculated impedance Z r at notch frequency versus width s r of the shorted-slot. It is notable that the electrical length θ r is about π /2 at the notch frequency. The mismatch between theory and simulation is mainly caused by using the spiral type in slot design for size minimization. Meanwhile, the notch frequency f n will shift down with length l r increasing. The impedance Z r , increasing with width s r increasing, has a slight impact on the notch frequency in the practical implementation. Then, a wideband filtering balun with a fixed notched band at 2.39 GHz is implemented based on RT5880. The simulated S-parameters are shown in Fig. 14.
C. RECONFIGURABLE BALUN WITH TUNABLE DUAL-NOTCHED BANDS
The reconfigurable balun with tunable dual-notched bands (Balun B) is proposed in Fig. 15(a) . To change the notched band frequency, the length or the gap size of the shorted-slot can be adjusted [29] . In order to accomplish the tunable notched bands, two pairs of varactor-loaded shorted-slots are introduced and they are symmetrical and identical. Besides, diodes are applied for varactors, which can also be used for DC-block capacitances. As shown in Fig. 15(b) and (c), the diode varactors C a and C b are connected across the gaps and placed on the bottom layer (i.e., CPW layer). The DC voltage is supplied from the plane with a microstrip line on the top layer and vias are introduced to the both layers. Thus, the DC supply for the diode varactors can be obtained through the vias. RF chokes (10-k resistors) are placed between the DC supply and the diode varactors in order to minimize the RF loss within the frequency range of interest. Moreover, the DC supply and RF chokes are located away from the circuit area of the resonator to eliminate their effects on the shorted-slot. zeros (i.e., notches) are generated when input impedances (i.e., Z ina and Z inb ) are infinite. Meanwhile, Z ina and Z inb at frequency f could be obtained as
Z pa,pb + jZ a0,b0 tan θ a0,b0 Z a0,b0 + jZ pa,pb tan θ a0,b0 (9) where
and
, and θ b0 are characteristic impedances and electrical lengths of these two shortedslots [22] , respectively. The Skyworks SMV1232 varactors (C a ) and SMV1235 varactors (C b ) are used in this work. The tuning range for these two capacitances are from 4.15 pF to 0.72 pF and from 18.22 pF to 2.38 pF, respectively, with the applied bias DC voltage varying from 0 V to 15 V. Fig. 16 shows the simulated two notch frequencies of the Balun B when varactors across the gaps have different DC bias. As shown in Fig. 16 , the tuning range of the low frequency notch (i.e., f a ) and the high frequency notch (i.e., f b ) are 0.77-1.64 GHz and 1.67-2.91 GHz, which are adjusted by V a and V b , respectively. Meanwhile, with the bias DC voltages increasing, the notches will change to high frequency. 
III. MEASUREMENTS
To verify the aforementioned mechanisms, a series of baluns (i.e., balun with notched band and reconfigurable balun with dual-notched bands) are implemented on the dielectric substrate RT5880 with r = 2.2 and h = 0.508 mm. And the S-parameter and group delay responses are performed using Keysight 5230A network analyzer. 
A. BALUN WITH FIXED FREQUENCY NOTCH
A wideband filtering balun with fixed frequency notch is implemented and fabricated. The proposed balun, shown in Fig. 17 , exhibits a circuit size including ground of 97.5 mm × 43.6 mm (i.e., 0.76λ g × 0.34λ g , where λ g is the CPW guided-wavelength at the center operation frequency). As shown in Fig. 18(a) , the measurement exhibits a wideband passband from 1.05 to 3.26 GHz, which has a narrow notched band at 2.38 GHz with interference suppression level of 24.88 dB. The 10-dB notched FBW of notched bands are 8.8%. The measured minimum insertion loss is found to be 0.4 dB (excluding 3 dB division loss). The simulated and measured amplitude-and phase-imbalances are plotted in Fig. 18(b) . It is obvious that the in-band amplitude-and phase-imbalance are less than ±0.503 dB and 180 • ± 1.54 • , respectively. In addition, it can be observed from Fig. 18 that both the measurement and simulation are in good agreements with each other over a wide band.
B. RECONFIGURABLE BALUN WITH TUNABLE DUAL-NOTCHED BANDS
The reconfigurable balun with tunable dual-notched bands is fabricated with a circuit size including ground of 97.5 mm × 43.6 mm (i.e., 0.76λ g × 0.34λ g ), as shown in Fig. 19 . Fig. 20 depicts the measurements of the reconfigurable balun with tunable dual-notched bands. As it shown, the passband bandwidth is from 1.06 GHz to 3.1 GHz and the minimum in-band insertion loss is 1.01 dB (excluding 3 dB division loss). Compared to the insertion loss of the wideband filtering balun, the increased insertion loss is mainly caused by the loss of varactor and RF choke resistor. Fig. 20(a) shows the measured S-parameters with the lower notched band switched off. The tuning range of the higher notched band is 24.2% (i.e., 1.89-2.41 GHz) with a rejection level of 15-25.9 dB and a 10-dB notched FBW of 5.2%-9.3%. In Fig. 20(b) , as the lower notched band is fixed (f 1 = 1.41 GHz), the measured S-parameters are shown. The upper notched band can be tuned from 1.92 GHz to 2.34 GHz with a rejection level of 15.1-22.5 dB. Fig. 20(c) depicts the measured S-parameters while the upper notched band is fixed (f 2 = 2.4 GHz). The tuning range for the low-frequency notch is 1.28-1.58 GHz (21.6%) with a rejection level of 15.1-20.3 dB and a 10-dB notched FBW of 3.1%-5.7%. The two notch frequencies can also be tuned, simultaneously, as shown in Fig. 20(d) . The simulations and measurements of passband amplitude-and phase-imbalance are shown in Fig. 20(e) , under the case of V a = 8.3 V and V b = 2.8 V. It is notable that the in-band amplitude-and phase-imbalances are less than ±1.1 dB and 180 • ± 2.6 • , respectively. And the group delay under the same case is shown in Fig. 20(f) .
A comparison of the proposed wideband filtering baluns with the state-of-the-art researches is shown in Table 1 . It indicates that the proposed filtering baluns feature the merits of the wide FBW, low insertion loss, competitive in-band balance, and fixed/tunable notched band operations. To the authors' knowledge, this is the first work on wideband filtering balun with notched bands.
IV. CONCLUSION
In this paper, a wideband filtering balun with tunable dual-notched bands is proposed, implemented, and fabricated. The wideband operation is achieved using the triple-mode slot resonator. The CPW-to-slot transitions are introduced to enhance the amplitude-and phase-imbalance responses. Besides, the CPW short-stub and shorted-slot are employed to improve the passband selectivity. Two pairs of the varactor-loaded shorted-slots are introduced to achieve the tunable notched band operation. The proposed reconfigurable balun exhibits the high merits of the wide fractional bandwidth, low insertion loss, good in-band balance performance, and tunable notched band operation, simultaneously. Good agreements between the measured and simulated results are achieved. With such good performance, the balun prototypes are attractive for practical applications in wideband cognitive radios with high interference levels.
APPENDIX

A. CHARACTERISTIC IMPEDANCE AND ELECTRICAL LENGTH OF SLOT
As depicted in [22] , the characteristic impedance Z 0 and guided-wavelength λ of a slot within 0.0015 ≤ s/λ 0 ≤ 0.075 can be expressed as 
where r is the dielectric constant, h is the thickness of substrate, and s is the width of the slot. λ 0 is the free space wavelength (i.e., λ 0 = c/f , where c is the velocity of light in free space and f is the operation frequency). Then, the electrical wavelength θ of a slot with physical length l can be calculated as
B. EQUIVALENT RLC RESONATOR MODEL OF AIR-BRIDGE
The simplified series resonator model of the air-bridge is shown in Fig. 3(b) . As depicted in [24] , the relationship between the transmission coefficient and R s , L s , and C s may be expressed as
From (21), R s can be obtained from |S 21 |, at the first resonant frequency as
and L s can also be calculated by choosing the bandwidth (ω 2 − ω 1 ) with S 21 = a, at ω = ω 1 , ω 2 ,
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